Introduction
Evolutionary biologists since Darwin (1871) have sought to explain the conspicuous variation in relative (i.e. body-size-corrected) brain size observed across species. Yet understanding the selective factors that influence investment in neural tissue is challenging as the complexity and significance of the brain in biological systems means that brain evolution is shaped by multiple selective forces simultaneously (Healy & Rowe, 2007; Dechmann & Safi, 2009) . Indeed, there is now compelling evidence that a wide range of ecological, life-history, physiological, social and sexually selected pressures influence relative brain size across a wide range of taxa (Dunbar, 1998; Kotrschal et al., 1998; Hutcheon et al., 2002; Reader & Laland, 2002; Lefebvre et al., 2004; Pitnick et al., 2006; Gonzalez-Voyer & Kolm, 2010) . However, a critical, but understudied, evolutionary consideration in brain evolution is that the magnitude and direction of evolutionary responses in brain size can be sex-specific, as the cognitive demands and constraints associated with physiological, ecological, social and sexual factors can differ dramatically between the sexes (Jacobs, 1996 ). Yet, as few studies have investigated how intersexual differences in naturally and sexually selected pressures influence investment in neural tissue (e.g. Garamszegi et al., 2005; Lindenfors et al., 2007; Gonzalez-Voyer & Kolm, 2010) , we consequently know very little about sex-specific evolutionary responses in relative brain size. Therefore, making sense of how selection acts on brain evolution necessitates an integrated, sex-specific approach that simultaneously evaluates multiple factors that are hypothesized to influence brain evolution (Healy & Rowe, 2007; Dechmann & Safi, 2009) .
Typically, investment in neural tissue above what would be predicted for a given body size is assumed to confer an evolutionary advantage (Byrne & Whiten, 1997; Dunbar, 1998; Dunbar & Shultz, 2007) , as relatively large-brained individuals are assumed to have enhanced cognitive capabilities (Allman et al., 1993; Allman, 2000) . However, investment in relatively larger brains is costly, as the development and maintenance of neural tissue is metabolically expensive (Aiello & Wheeler, 1995) . Therefore, evolutionary trade-offs are expected between investment in neural tissue and other metabolically costly tissues (termed the 'expensive tissue hypothesis'; Aiello & Wheeler, 1995; Kaufman, 2003 ; but see Jones & MacLarnon, 2004; Isler & van Schaik, 2006a) . Building on this idea, Pitnick et al. (2006) developed the 'expensive sexual tissue hypothesis', which suggests that investment in expensive sexually selected traits (e.g. testicular tissue) can limit investment in neural tissue. However, recent assessments of how sexual selection influences brain evolution in vertebrates have produced contradictory results (Garamszegi et al., 2005; Pitnick et al., 2006; Lindenfors et al., 2007; Guay & Iwaniuk, 2008; Lemaiˆtre et al., 2009; Gonzalez-Voyer & Kolm, 2010) , and consequently, the importance of sexual selection in shaping brain evolution remains controversial (Dechmann & Safi, 2009; Lemaiˆtre et al., 2009) .
Here, we examine the patterns of selection on relative (i.e. correcting for body mass) male and female brain size in pinniped (seals, sea lions and walruses). Pinnipeds are an excellent model for studying brain evolution, as the wealth of ecological, physiological and life-history data readily available (e.g. Kovacs & Lavigne, 1986 , 1992 Bininda-Emonds & Gittleman, 2000; Lindenfors et al., 2002; Schulz & Bowen, 2004; Ferguson, 2006) facilitates an integrated assessment of the selective forces that may influence brain evolution. We assessed whether relative investment in male and female brain size in pinnipeds is influenced by multiple selective forces hypothesized to influence the brain evolution, including social factors, maternal energy constraints, lifespan, basal metabolic rate, physiological constraints associated with diving, and trade-offs among expensive tissues (Robin, 1973; Allman et al., 1993; Aiello & Wheeler, 1995; Martin, 1996; Dunbar, 1998; Jones & MacLarnon, 2004; Isler & van Schaik, 2006b; Pitnick et al., 2006; Gonzá lez-Lagos et al., 2010) . As pinnipeds exhibit extreme variance in the degree of sexual selection experienced between the sexes -sexual selection is more intense in males than in females -and among species (Bartholomew, 1970; Lindenfors et al., 2002) , we also examined whether differences in the intensity of sexual selection generate contrasting patterns of brain evolution among pinnipeds. Most vertebrate taxa exhibit a strong positive relationship between brain and body mass (Jerison, 1973 (Jerison, , 1991 Lande, 1979; Striedter, 2005) , which is presumed to stem from the fact that larger bodies require larger brains to maintain basic functions (e.g. Aboitiz, 1996) . Yet despite this wide-spanning relationship between brain and body mass, under conditions of strong directed selection on either brain or body size, the normally tight association between these traits can become uncoupled (GonzalezVoyer & Kolm, 2009 ). Thus, we investigated whether intense selective pressure to increase male body size in species where males control harems (Alexander et al., 1979; Lindenfors et al., 2002) , which represents a substantial energetic demand (Blanckenhorn, 2000) , affects the relationship between brain and body size in male, but not female, pinnipeds. After characterizing the association between relative brain size and various selective factors hypothesized to influence brain evolution separately, we evaluated how sexual selection influences brain evolution in male and female pinnipeds while accounting for potential interactions among these selective factors using multivariate statistical models. Finally, we used recently developed phylogenetic rates of phenotypic diversification tests to disentangle how sexual selection influences the rate of phenotypic diversification in body and brain mass in pinnipeds.
Methods

Data collection
Physiology, life-history, social and ecological data were collected from published literature for all extant pinniped species (n = 33 species, see Supporting information). All data collected are known to be associated with brain evolution in other taxa (see Introduction). Sex-specific data on brain and body mass were compiled, and mean values were used where multiple sources of data were available. Maternal energy constraints and life-history effects on brain evolution were evaluated using data on the duration of lactation, the length of gestation and species mean values for adult lifespan. Physiological constraints on brain evolution were evaluated using data on basal metabolic rate and maximum dive duration. To evaluate the trade-offs among brain mass and other energetically expensive tissues, data were compiled on intestine length (to evaluate the 'expensive tissue hypothesis', Aiello & Wheeler, 1995) and male testes mass (to evaluate the 'expensive sexual tissue hypothesis', Pitnick et al., 2006) . Sex-specific data on intestine length values were unavailable, and mean species values are therefore examined. Harem size and sexual size dimorphism (SSD), which are correlated with one another in pinnipeds (Alexander et al., 1979; Lindenfors et al., 2002) , were used to estimate the magnitude of sexual selection in this study. Sexual dimorphisms are a commonly used proxy for the strength of sexual selection as several comparative studies across a broad taxonomic range have revealed that high levels of dimorphism are associated with highly polygamous mating systems (e.g. Clutton-Brock et al., 1977; Alexander et al., 1979; Webster, 1992; Dunn et al., 2001; Gonzalez-Voyer et al., 2008) . SSD in body mass was calculated from male and female mass data using the formula log(male body mass ⁄ female body) (Fairbairn, 2007) . Population density was used as a proxy measure for social encounters (to evaluate the 'social brain' hypothesis, Dunbar, 1998) . We only considered population density values taken from outside the breeding areas (Bininda-Emonds & Gittleman, 2000) as breeding aggregations can be incredibly dense and harem size provides a measure of the number of adult individuals likely encountered in breeding areas.
Phylogenetic linear models
The relationship between brain mass and various predictor variables was assessed in a series of phylogenetically controlled linear models. To account for the evolutionary relationships among species, phylogenetically controlled generalized least-squared (PGLS) regression analyses were performed using logtransformed data in the APE package of the statistical program R R v. 2.13.1 (R Development Core Team, 2011). Log-transformed data were used to equalize variances and linearize data. PGLS regressions estimate a maximum-likelihood value of the phylogenetic scaling parameter k. The k parameter estimates the effect of shared ancestry on the relationship between brain size and the factors analysed (Pagel, 1999; Freckleton et al., 2002) . Thus, PGLS regressions evaluate the phylogenetic relationships on the covariance in the residuals in the model (k = 0 denotes no phylogenetic signal, and k = 1 denotes strong phylogenetic signal). For all analyses, the phylogenetic relationship among pinniped species was accounted for using a molecular supertree, including branch lengths, kindly provided by Jeff Higdon (Higdon et al., 2007) .
The relationship between male and female brain mass and physiological, life-history and ecological variables was initially assessed using separate multiple regressions with body mass added as a covariate in all analyses to account for allometric effects (García-Berthou, 2001; Freckleton, 2002) . However, the use of separate regression models raises several important statistical issues. Specifically, performing multiple tests using the same variables can increase the incidence of type I errors, does not account for association among predictor variables and may either fail to detect relationships, as the effects only become apparent when accounting for other predictor variables, or may reveal an apparent pattern of selection that is in fact attributed to another, unexamined, variable. Nevertheless, we began our analysis with separate regression models because our aim was to assess as many factors hypothesized to influence the brain evolution in pinnipeds as possible and the sample sizes for the various predictor variables differed greatly, thus precluding a multiple regression that evaluated all hypotheses simultaneously. Therefore, despite their limitations, we included these separate regressions in order to evaluate the relative effect of as many predictor variables on brain size evolution in pinnipeds as possible. While we refrain from overinterpreting these results due to the statistical limitations outlined above, we hope that their inclusion will shed light on and stimulate further investigation of the selective factors that influence the brain size evolution in pinnipeds.
Because brains are subject to a wide range of selective pressures that act simultaneously (Healy & Rowe, 2007; Dechmann & Safi, 2009 ), we next assessed how multiple predictor variables influence brain size in a multivariate context. The availability of data on physiological, lifehistory and ecological variables differed among pinnipeds species. Therefore, sex-specific multivariate statistical tests were performed on a subset of n = 23 pinniped species, representing 70% of extant pinnipeds, where data on brain and body mass and seven predictor variables hypothesized to influence the brain evolution were available for males and females. The predictor variables examined in the multivariate tests included harem size, gestation length, lifespan, lactation duration, maximum dive duration, SSD and the age of sexual maturity for males (in male analyses) and females (in the female analyses). We then performed sex-specific phylogenetic multiple regressions on these seven predictor variables while including body mass as a covariate in the models.
However, multiple regression models may not accurately assess individual predictor variables in cases where there is colinearity or multicolinearity between predictor variables, as is the case among some predictor variables in pinnipeds (e.g. SSD and harem size, Lindenfors et al., 2002) . Therefore, we also used phylogenetic principal component analyses (PPCA, Revell, 2009 ) to combine the seven physiological, life-history and ecological variables into a reduced set of orthogonal components. PPCA transform data into principal components while incorporating phylogenetic effects (Revell, 2009 ). This approach reduces type I error rates when performing subsequent phylogenetically controlled analyses on principal components and accounts for statistical issues arising from multicolinearity among predictor variables (Revell, 2009 ). Male and female PPCA each returned three principal components with eigenvalues > 1, which were considered in further analyses (Table 1) . For both sexes, sexually selected traits (harem size and SSD) loaded strongly and positively on the first principal component (PC1), whereas life-history traits (lactation duration and age of maturity) primarily loaded on the second principal component (PC2) and lifespan loaded heavily on the third principal component (PC3) ( Table 1) . We then applied multiple regression analyses to male and female brain size using the three sex-specific orthogonal principal components with eigenvalues > 1 as independent variables and body size as a covariate.
Finally, we performed sex-specific phylogenetic ANCO-ANCO-
VA
VAs to contrast the relationship between brain and body mass in species with and without harems. Species where males did not control harems were classified as experiencing 'low' levels of sexual selection, whereas species where males control harems were classified as experiencing 'high' levels of sexual selection.
Comparing rates of body and brain mass evolution
To assess how sexual selection influences the rate of phenotypic evolution in body and brain mass, we categorized species into 'low' (species without harems) or 'high' (species with harems) sexual selection groups (as above). The ancestral states of sexual selection were reconstructed using the maximum-likelihood Mk1 model in MESQUITE ESQUITE version 2.75 (Maddison & Maddison, 2011) . Branches in the phylogeny were assigned to either low or high sexual selection based on ancestral state reconstruction analyses (see Supporting information). We then used phenotypic diversification rate tests to compare the rates of diversification in body and brain mass for male and female pinnipeds between the two sexual selection groups. All analyses were performed using the MOTMOT package (Thomas & Freckleton, 2012) in R R v. 2.13.1 (R Development Core Team, 2011) . To compare the rate of phenotypic diversification between the sexual selection groups, we applied a scalar, h, to the high sexual selection group. The maximum-likelihood estimate of h was estimated, where deviations from h = 1 are indicative of differences in the rate of trait evolution between the sexual selection groups (Thomas et al., 2009) . For all analyses, h was rescaled such that the low sexual selection group was h = 1. Thus, for the high sexual selection group, h values greater than one indicate comparatively rapid rates of trait diversification (compared to the low sexual selection group), whereas h values less than one indicate comparatively slow rates of trait diversification. The 95% confidence intervals for h values were calculated based on the maximum-likelihood models. For each trait, we compared the maximum likelihood of the model against a model assuming equal rates of diversification using a likelihood ratio statistic that was estimated with chi-squared distribution and one degree of freedom. In all models, we assumed that each group had a different phylogenetic mean (Thomas et al., 2009) . However, when we also performed our analyses assuming a common phylogenetic mean, we found qualitatively similar results (data not shown).
Results
Separate multiple regressions controlling for body mass revealed sex-specific responses in relative (i.e. body-sizecorrected) brain mass to the predictor variables examined. In males, relative brain mass was negatively correlated with maximum dive duration (Table 2) , and there was a statistical trend suggesting that relative male brain mass is smaller in species with more intense malebiased SSD (Table 2 ). In females, relative brain mass was positively correlated with population density (Table 2) . For both sexes, the remainder of the multiple regressions did not reveal significant associations between relative brain mass and any of the other predictor variables examined (Table 2 ). However, we were concerned with possible spurious correlations that may have arisen given the large number of separate tests performed when evaluating the relationship between brain size and the predictor variables in Table 2 . Therefore, although biologically interesting, we refrain from overinterpreting the results of these separate phylogenetic regressions.
Multivariate tests that examined the relationship between relative brain size and seven predictor variables (harem size, gestation length, lifespan, lactation duration, maximum dive duration, SSD and the age of sexual maturity, while controlling for the allometric effects of body mass) also revealed sex-specific responses in Eigenvectors shown in boldface are > 70% of the largest eigenvector and contributed significantly to the PC (Mardia et al., 1979) . (Table 3a) . In contrast, female relative brain mass was not correlated with any of the seven predictor variables examined in the phylogenetically controlled multiple regression (Table 3b) . Incidentally, for both sexes, these results closely match those obtained in the separate regression analyses reported in Table 2 .
Sex-specific phylogenetically controlled multiple regressions that assessed three principal components generated from a PPCA and body mass were then used to account for correlations among the predictor variables. These tests revealed that relative male brain mass was negatively associated with PC1 (Table 4a ), the principal component that was primarily loaded by sexually selected traits (see Table 1 ). Therefore, for males, the PPCA strengthened the patterns of selection uncovered in the multiple regression presented in Table 3 . For females, there were no statistically significant associations between any of the principal components and (Table 4b) . Phylogenetic ANCOVA NCOVAs revealed that the relationship between brain and body mass differed between sexual selection groups (i.e. species with or without harems) in males but not females. In male pinnipeds, a significant interaction term revealed that differences in male brain size between the sexual selection groups were dependent on male body size (k < 0.001, male mass: t 27 = 8.51, P < 0.001; sexual selection group: t 27 = )3.23, P = 0.003; male mass*sexual selection group: t 27 = 3.24, P = 0.003, Fig. 1a) . Specifically, compared to species where males did not hold harems, in harem holding species males have relatively large brains when male body mass is low and males have relatively smaller brains when body mass is high. In female pinnipeds, the relationship between brain and body mass did not differ between the sexual selection groups (k = 0.88, female mass: t 26 = 5.92, P < 0.001; sexual selection group: t 26 = )0.69, P = 0.50; female mass*sexual selection group: t 26 = 0.65, P = 0.52, Fig. 1b) .
In the analysis of rates of phenotypic evolution, the maximum-likelihood estimate of h was significantly greater for male (v 2 1 = 7.72, P = 0.005) and female (v 2 1 = 6.47, P = 0.01) body mass in the high sexual selection group than in the low sexual selection group (Fig. 2) . In contrast, absolute brain mass did not differ between the low and high sexual selection groups for either sex (males: v 2 1 = 0.28, P = 0.59; females: v 2 1 = 0.40, P = 0.53; Fig. 2 ). These results indicate that the rate of phenotypic evolution in male and female body size is greater in high sexual selection groups, whereas the rate of phenotypic evolution in brain size was not influenced by sexual selection. Hence, pinniped brain and body mass showed highly distinct rates of phenotypic evolution under the influence of sexual selection.
Discussion
Our multivariate analyses of predictor variables hypothesized to influence brain evolution demonstrated sexspecific responses in relative brain mass in pinnipeds. In male pinnipeds, multiple regressions using phylogenetically controlled principal components revealed a negative relationship between residual brain mass and SSD. Incidentally, such a relationship was also suggested in male pinnipeds from multiple regression analyses, but was not statistically significant. Thus, the use of PPCA in this study highlights the importance of simultaneously (a) (b) Fig. 1 The relationship between brain and body mass in (a) male and (b) female pinnipeds. Pinnipeds are divided into those species with harems (filled circles, solid line) and those without harems (open circles, broken line). Fig. 2 Rates of diversification of body and brain mass for male and female pinnipeds. The maximum-likelihood estimates of the relative rate of diversification (h) and their 95% confidence intervals are shown for four traits: male body mass, male brain mass, female body mass and female brain mass. Each trait is divided into species without harems (open circle) or species with harems (filled circle). The dashed line shows h = 1 values: for all models, the h value was rescaled so that the low sexual selection group had h = 1. evaluating multiple predictor variables hypothesized to influence brain evolution, while also accounting for covariance between these predictor variables, in order to uncover how selection acts on brain size. However, interpreting the negative relationship between relative male brain size and the strength of sexual selection requires a better understanding of how selection operates on brains and body mass in pinnipeds. Male pinnipeds may have relatively smaller brains in species where sexual selection in intense due to investment in extreme body mass resulting in a decoupling of the generally strong covariance in evolutionary responses in brain and body mass (sensu . Such uncoupling of the normally tight association between brain and body size can occur when selection for either brain or body size is particularly intense. For example, recently demonstrated that brain and body size presented highly distinct rates of evolution during the adaptive radiation of Tanganyikan cichlid fishes. Our analysis of the rates of phenotypic evolution in brain and body size in pinnipeds suggests that a similar uncoupling of brain and body size evolution occurs in pinnipeds in response to sexual selection as the rate of diversification of male body mass was greater in species experiencing high levels of sexual selection, whereas the rates of diversification in brain mass did not differ between low and high sexual selection groups. Therefore, the negative relationship between sexual selection and relative brain size in male pinnipeds appears to be driven by an uncoupling of the relationship between brain and body size in pinnipeds.
To our knowledge, this is the first identification of a specific selective force (here sexual selection) strong enough to offset the relationship between brain and body mass. But given the general expectation that more somatic tissues also require more neural tissues, what are the fitness consequences of the apparent decoupling between brain and body mass? In pinniped species with harems, males gain extensive fitness benefits by increasing body size, as larger males have an advantage in malemale competition and are able to become socially dominant (McCann, 1981; Modig, 1996) , have longer tenures on harems (Lindstedt & Boyce, 1985) and generally have enhanced mating success (Deutsch et al., 1990; Tinker et al., 1995; Arnould & Duck, 1997) . However, increases in male brain size in species with harems may not yield similar fitness benefits. Despite the many potential benefits associated with increasing relative investment in neural tissue (Sol et al., 2005 (Sol et al., , 2007 (Sol et al., , 2008 Gonzá lez-Lagos et al., 2010; Amiel et al., 2011; Maklakov et al., 2011) , if the brains of male pinnipeds are capable of meeting the cognitive demands associated with their environment, then concomitant increases in brain size with body size may be cognitively unnecessary and may limit the allocation of energy to other traits and activities that have a more direct bearing on fitness. If this were the case, then the negative relationship between sexual selection and brain size in male pinnipeds could support a more liberal interpretation of Pitnick et al.'s (2006) expensive sexual tissue hypothesis that included extreme investment in body size as a sexual tissue.
In male pinnipeds, simultaneous assessment of seven predictor variables in multiple regression analyses revealed a negative correlation between relative male brain mass and maximum dive duration that appears to support the predictions from the 'dive constraint hypothesis' (Robin, 1973) . However, previous studies have questioned the applicability of the dive constraint hypothesis as the notion that having a smaller, less metabolically expensive brain facilitates longer dive durations does not take into account the other physiological adaptations (e.g. increased blood volume and myoglobin levels in muscle tissue) commonly observed in diving marine mammals (Worthy & Hickie, 1986) . Moreover, Marino et al. (2006) found that dive constraints do not influence relative brain size investment in cetaceans (whales, dolphins and porpoises) and argued that large muscle mass associated with increased body mass primarily influences the duration of cetacean dives. Indeed, in the present study, the negative relationship between relative brain size and maximum dive duration in males appears to be driven by changes in body size, as is the case in cetaceans (Marino et al., 2006) , rather than brain size: absolute male brain size was not correlated with maximum dive duration (t 24 = 1.38, P = 0.18), whereas species with larger male body masses dive for longer durations (t 26 = 2.36, P = 0.03). Additionally, we could not rule out that the negative relationship between relative male brain size and maximum dive duration was driven by colinearity between dive duration and another predictor variable. To directly address this issue of (multi)colinearity, we used PPCA that instead suggested relative male brain size was negatively related to sexual selection rather than dive constraints.
In contrast to the pattern observed in males, in female pinnipeds, neither sexual selection nor any other predictor variable examined in a multivariate context was related to relative investment in female brain mass. However, as is the case with male pinnipeds, female body mass, but not brain mass, evolved at a rapid rate in pinniped species where males controlled harems and the strength of sexual selection was high. We propose that this effect in females could be caused through the genetic correlation of body size among the sexes. But in females, this apparent uncoupling in the rate of trait evolution does not appear to be sufficient to generate a negative relationship between sexual selection and brain size.
We lacked sufficient data to examine several of the predictor variable hypothesized to influence the brain evolution in a multivariate context. Thus, the examination of these predictor variables (presented in Table 2 ) should be assessed with caution (see the Methods section for an overview of the statistical limitations of these tests), and we highlight some results that may be of interest in future investigations of brain evolution in pinnipeds. First, we found no clear support for the predictions of the expensive tissue hypothesis (Aiello & Wheeler, 1995) in either sex or the expensive sexual tissue hypothesis (Pitnick et al., 2006) in male pinnipeds, as investments in digestive and reproductive tissue were not negatively related to relative brain size in this study. Thus, at the level of individual organs, there does not appear to be direct trade-offs with investment in neural tissue and other expensive tissues. A possible alternative explanation may be that brain mass trades-off against energetically expensive adipose tissue, as recently suggested by Navarrete et al. (2011) . However, as Navarrete et al.'s (2011) study did not assess energetic trade-offs between brain size and various organ masses in a multivariate context, the conclusions from their study suffer from the statistical limitations we outlined above. Second, our data suggested that relative female brain size is positively correlated with population density, suggesting that social factors may be an important selective force influencing brain size in female pinnipeds (Dunbar, 1998; Lindenfors et al., 2007) . Further investigation of these predictor variables would be of interest. However, at present, it remains unclear how energetic tissues and social factors influence brain size evolution in pinnipeds as there were insufficient data to include this variable in the multivariate analyses.
In conclusion, our results demonstrate a negative relationship between relative brain size in males and the level of sexual selection and suggest that sexual selection has lead to a decoupling in the rate of evolution in brain and body mass in male, but not female, pinnipeds. Sexual selection may therefore impose limits on the cognitive capabilities of males through trade-offs between energetically expensive neural tissue and extreme investment in body size. To assess this hypothesis, a better understanding of how brain size impacts fitness in pinnipeds is required. Just as the strength of sexual selection differs between the sexes (Lindenfors et al., 2002) , the evolutionary pressures and trade-offs that influence brain size also appear to be sex-specific in pinnipeds.
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